Tumor suppressor complex TSC1/TSC2 represents a key negative regulator of mammalian target of rapamycin (mTOR)-S6 kinase 1 signaling. Mutational inactivation of TSC1 or TSC2, linked to a rare lung disease, lymphangioleiomyomatosis (LAM), manifests as neoplastic growth of smooth-muscle (SM)-like cells and cystic destruction of the lungs that induces loss of pulmonary function. However, the precise mechanisms of abnormal cell growth in LAM remain uncertain. Here, we demonstrate increased signal transducer and activator of transcription (STAT) 3 expression, phosphorylation, and nuclear localization in SM-like cells in LAM lungs and in TSC2-null xenographic tumors. Treatment of TSC2-null tumors with mTOR inhibitor rapamycin attenuated STAT3 expression and phosphorylation. Increased STAT3 level and activation were also observed in LAM-dissociated (LAMD) cell cultures compared with normal human bronchus fibroblasts (HBFs) from LAM patients. Although interferon (IFN)-␥ inhibited proliferation of HBFs, IFN-␥ treatment had little effect on proliferation of LAMD and TSC2-null cells. Re-expression of TSC2 or treatment with rapamycin inhibited IFN-␥-induced STAT3 phosphorylation and synergized with IFN-␥ in inhibiting TSC2-null and LAMD cell proliferation. Reduction of STAT3 protein levels or activity using specific small interfering RNA or inhibitory peptide, respectively, decreased proliferation and induced apoptosis in TSC2-null and LAMD cells and sensitized cells to growth-inhibitory and proapoptotic effects of IFN-␥. Collectively, our data demonstrate that STAT3 activation is required for proliferation and survival of cells with TSC2 dysfunction, that STAT3 impedes growth-inhibitory and proapoptotic effects of IFN-␥, and that TSC2-and rapamycin-dependent inhibition of STAT3 restores antiproliferative effects of IFN-␥. Thus, STAT3 may provide a novel therapeutic target for diseases associated with TSC1/TSC2 dysfunction.
nary lymphangioleiomyomatosis (LAM), a rare lung disease, which could be sporadic or associated with TSC hamartoma syndrome, mutational inactivation of TSC1 or TSC2 induces the constitutive activation of mTORC1-S6K1 and neoplastic smooth muscle (SM)-like cell growth within the lung, leading to the cystic destruction of the lung and pneumothorax (for reviews, see Goncharova and Krymskaya, 2008; Krymskaya and Goncharova, 2009 ). Discovery of TSC1/TSC2 as a negative regulator of mTORC1 (Goncharova et al., 2002b) identified mTOR as a molecular target and mTOR inhibitor rapamycin (sirolimus; RAPA) as a therapeutic agent for treatment of LAM and TSC (Bissler et al., 2008; Krymskaya and Goncharova, 2009 ). However, the precise cellular and molecular mechanisms of LAM pathogenesis remain to be elucidated, and the need to identify novel molecular targets for potential combinational therapeutic approaches is urgent.
Interferons (IFNs) are pleiotropic cytokines and key components in the host surveillance against tumorigenesis as a result of their antiproliferative and proapoptotic properties (Platanias, 2005) . The biological effects of IFNs, however, are highly cell type-, tissue-, and context-specific (Platanias, 2005) . We demonstrated previously that type I IFN-␤ is expressed in LAM lungs, attenuates LAM and TSC2-null cell proliferation, and cooperates with TSC2 and rapamycin in its growth-inhibitory effects . Little is known about the function of type II IFN-␥ in pulmonary LAM; however, studies indicate a potential modulatory role of IFN-␥ in development of TSC tumors. Transgenic Tsc2(ϩ/Ϫ) mice constitutively overexpressing IFN-␥ in the liver have reduction in renal tumor development (Hino et al., 2002) ; and expression of the IFN-␥ allele in TSC patients correlates with lower frequency of TSC-associated kidney angiomyolipomas (Dabora et al., 2002) , suggesting that increased endogenous levels of IFN-␥ may counteract to TSC1/ TSC2-related tumor development. However, little is known about a role of IFN-␥ in abnormal cell proliferation in LAM.
Binding of IFN-␥ with its specific transmembrane receptors induces phosphorylation of signal transducer and activation of transcription (STAT) proteins, which dimerization and nuclear translocation promotes transcription of genes essential for regulation of cell proliferation, differentiation, development, and apoptosis (Platanias, 2005; Gough et al., 2008) . Although IFN-␥ inhibits proliferation and induces apoptosis through the canonical JAK-STAT1 signaling cascade (Platanias, 2005; Gough et al., 2008) , it may also signal through the noncanonical STAT3 pathway, which is highly cell type-and context-specific (Gough et al., 2008) . Constitutive activation of STAT3, frequently observed in different human tumors (Al Zaid Siddiquee and Turkson, 2008) , prevents regression of xenographic hepatocellular carcinoma (Lin et al., 2009 ) and mouse melanoma tumors (Niu et al., 1999) and impedes growth-inhibitory and antiapoptotic effects of IFN-␥ in cancer cell lines (Al Zaid Siddiquee and Turkson, 2008) , suggesting that targeting STAT3 may have benefits in inhibiting tumor growth.
Few studies have investigated the role of TSC2-mTOR in IFN-␥ signaling and in STAT3 activation. Indeed, mTOR activity is required for Tyr705 STAT3 phosphorylation in monocytes, macrophages, and primary dendritic cells (Weichhart et al., 2008) ; and IFN-␥ and rapamycin cooperate in suppressing Tyr705 STAT3 phosphorylation in TSC2-null mouse embryonic fibroblasts (MEFs) (El-Hashemite et al., 2004) . In contrast, mTOR is required for IFN-␥-dependent dephosphorylation of Tyr705 STAT3 in human prostate cancer cells (Fang et al., 2006) . mTOR also modulates IFN-␥-dependent transcriptional regulation through serine phosphorylation of STAT1, STAT3 (Nguyen et al., 2001; Riemenschneider et al., 2006; Zhou et al., 2007) , and 4E-binding protein 1 , but these effects seem to be JAK-STATindependent . Although these findings suggest the importance of mTOR in IFN-␥ signaling, little is known about the relationship among TSC2-mTOR, IFN-␥, and STAT3 in pulmonary LAM.
The goal of our study was to determine the relationship among IFN-␥, STAT3, and TSC2-mTOR signaling in regulating cell proliferation. Our data demonstrate that STAT3 is necessary for abnormal proliferation and survival of cells with TSC2 dysfunction and that STAT3 activation prevents antiproliferative and proapoptotic activities of IFN-␥ in LAM.
Materials and Methods

Tissue Preparation from LAM Lungs and TSC2-Null Tumors
Fresh LAM tissue samples were obtained from the National Heart, Lung, and Blood Institute (National Institutes of Health, Bethesda, MD) LAM Registry and the National Disease Research Interchange (NDRI; Philadelphia, PA). Normal human lung and normal trachea were obtained from tissue provided by National Disease Research Interchange. Tissue samples were snap-frozen in OCT embedding compound (Tissue-Tek, Tokyo, Japan), sectioned, and then subjected to immunohistochemical analysis. Xenographic TSC2-null tumors were obtained from athymic NCRNU-M female mice as follows: 5 ϫ 10 6 TSC2-null rat SM ␣-actin-positive ELT3 cells, derived from Eker rat uterine leiomyoma (Howe et al., 1995) , were injected subcutaneously into both flanks of 6-week-old NCRNU-M female mice; when tumors reached 5 mm in diameter, mice were subjected to treatment with rapamycin (intraperitoneal injections, three times a week; 4 mg/kg) or diluent (control). After 14 days, mice were euthanized; tumors were removed and snap-frozen in OCT embedding compound. Tumor tissue sections were subjected to immunohistochemical analysis as described below. Tissue samples from eight animals per each condition were examined.
Tissue Cell Culture
Experiments were performed using TSC2-null ELT3 cells (Howe et al., 1995) and LAMD cells, which were dissociated from LAM nodules of the lungs of LAM patients who have undergone lung transplant according to the protocol approved by the University of Pennsylvania Institutional Review Board. Fresh LAM tissue samples were provided by National Heart, Lung, and Blood Institute LAM Registry and NDRI. In brief, cells were dissociated by enzymatic digestion in M199 medium containing 0.2 mM CaCl 2 , 2 mg/ml collagenase D (Hoffman-La Roche, Nutley, NJ), 1 mg/ml trypsin inhibitor (Sigma-Aldrich, St. Louis, MO), and 3 mg/ml elastase (Worthington Biochemicals, Lakewood, NJ). Then, the cell suspension was filtered and washed with equal volumes of ice-cold DF8 medium, consisting of equal amounts of Ham's F-12 and Dulbecco's modified Eagle's medium supplemented with 1.6 ϫ 10 Ϫ6 M ferrous sulfate, 1.2 ϫ 10 Ϫ5 units/ml vasopressin, 1.0 ϫ 10 Ϫ9 M triiodothyronine, 0.025 mg/ml insulin, 1.0 ϫ 10 Ϫ8 M cholesterol, 2.0 ϫ 10 Ϫ7 M hydrocortisone, 10 pg/ml transferrin, and 10% fetal bovine serum. The cells were cultured in DF8 medium and were passaged twice a week. LAMD cells from each patient were characterized on a basis of SM ␣-actin expression, S6K1 activity, ribosomal protein S6 phosphorylation, and DNA synthesis (Goncharova et al., 2002b (Goncharova et al., , 2006a . All LAMD cells used in this study had constitutively activated S6K1,
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at ASPET Journals on June 26, 2017 molpharm.aspetjournals.org hyperphosphorylated ribosomal protein S6, and a high degree of proliferative activity in the absence of any stimuli as well as a filamentous expression pattern of SM ␣-actin (Goncharova et al., 2002b (Goncharova et al., , 2006a . LAMD cells in subculture during the third through 12th cell passages were used. Human bronchus fibroblasts (HBFs) were dissociated from the bronchus of the same LAM patients according to the protocol used for LAMD cell dissociation (Goncharova et al., 2002b (Goncharova et al., , 2006a . Before experiments, cells were serum-deprived for 24 h. All experiments were performed on LAMD and HBF cell cultures from a minimum of three different LAM patients.
Immunohistochemical and Immunocytochemical Analysis
Tissue sections of LAM lung, normal human lung, normal human trachea, and TSC2-null tumors treated with diluent or rapamycin were immunostained with primary anti-phosphoTyr705 STAT3, antitotal STAT3, anti-phospho-S6 (Cell Signaling Technology Inc., Danvers, MA), and anti-SM ␣-actin (Sigma-Aldrich) antibodies and then secondary Alexa Fluor 594 chicken anti-mouse or Alexa Fluor 488 chicken anti-rabbit IgG-conjugated antibodies (Invitrogen, Carlsbad, CA) (Goncharova et al., 2002b) .
LAMD cells and HBFs, serum-deprived for 24 h, were fixed with 3.7% paraformaldehyde (Polysciences, Warrington, PA) for 15 min, incubated with 0.1% Triton X-100 (Sigma-Aldrich) for 30 min at room temperature, and then blocked with 2% bovine serum albumin in PBS followed by immunocytochemical analysis with anti-STAT3 antibody as described above. Negative controls included replacement of the primary antibody with isotype matched IgG. 4,6-Diamidino-2-phenylindole (DAPI) staining was performed to detect nuclei. Staining was visualized using an Eclipse E400 microscope (Nikon, Tokyo, Japan) under appropriate filters.
Transient Transfection
pEGFP and pEGFP-TSC2 expression vectors were prepared using EndoFree Plasmid Maxi kit (QIAGEN, Valencia, CA). siRNA GLO and siRNA STAT3 were purchased from Dharmacon RNA Technologies (Lafayette, CO). Transient transfection was performed using Effectene or RNAiFect transfection reagents (QIAGEN), respectively, according to the manufacturer's protocols. In brief, cells were incubated with pEGFP or pEGFP-TSC2 for 6 h and then washed with PBS and maintained in serum-free media for the next 24 h before DNA synthesis assays. For siRNA transfection, serum-deprived cells were incubated for 72 h with siRNA GLO or siRNA STAT3 followed by DNA synthesis assay or analysis of apoptosis. Expression of GFP-TSC2 was verified by immunoblot assay using anti-tuberin (C20) antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) (Goncharova et al., 2002b ; depletion of STAT3 with siRNA STAT3 was verified by immunoblot analysis with anti-STAT3 antibodies as shown in Fig. 4A . 3 H]thymidine incorporation assay (Goncharova et al., 2006b) . In brief, near-confluent human or rat cells, serum-deprived for 24 h, were incubated with different concentrations of human or rat IFN-␥, respectively, in the presence or absence of 200 nM rapamycin, 10 ng/ml PDGF, or both. After 18 h of incubation, cells were labeled with 3 Ci/ml [methyl-3 H]thymidine (60 Ci/mmol; GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK) for 24 h. Then, cells were trypsinized and DNA was precipitated with 10% trichloroacetic acid. The precipitant was aspirated on glass filters and extensively washed, dried, and counted (Goncharova et al., 2006b) .
DNA Synthesis Analysis
BrdU Incorporation Assay. Nontransfected cells, or cells transfected with pEGFP-TSC2, pEGFP, siRNA STAT3, or siRNA GLO, were maintained for 24 h in serum-free medium, and then 5-bromo-2Ј-deoxyuridine (BrdU) incorporation was assessed (Goncharova et al., 2002b (Goncharova et al., , 2006b ). In brief, cells were treated with rapamycin, IFN-␥, or STAT3 inhibitory peptide (Calbiochem, Gibbstown, NJ), separately or in combination, or diluent in the presence or absence of 10 ng/ml PDGF for 18 h, and then 10 M BrdU was added. After 24 h, cells were fixed with 3.7% paraformaldehyde (Polysciences) and then permeabilized with 0.1% Triton X-100 followed by immunocytochemical analysis with 2 g/ml murine anti-BrdU primary (BD Biosciences, San Jose, CA) and 10 g/ml Texas Red-conjugated anti-mouse secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) to detect BrdU-positive cells. To identify GFP-and GFP-TSC2-transfected cells, immunocytochemical analysis with primary anti-GFP rabbit anti-serum, and then with Alexa Fluor 594 goat anti-rabbit IgG-conjugate (Invitrogen) was performed. To detect the total number of nuclei, cells were incubated with 1 g/ml DAPI. Then, cells were examined using an Eclipse E400 microscope ( 
Preparation of Cytoplasmic and Nuclear Extracts and Immunoblot Analysis
Cytoplasmic and nuclear extracts were prepared using NE-PER nuclear and cytoplasmic extraction reagents (Pierce Biotechnology, Rockford, IL) according to manufacturer's protocol. In brief, serumdeprived LAMD cells and HBFs were washed twice with PBS, trypsinized, and then subjected to nuclear-cytoplasmic fractionation using NE-PER reagents. PhosphoTyr705 STAT3 and total STAT3 in nuclear and cytoplasmic fractions were then examined by SDS-polyacrylamide gel electrophoresis and immunoblot analysis with specific antibodies. Immunoblot analysis with anti-␤-actin antibodies was performed to demonstrate equal gel loading.
Serum-deprived cells were transfected with pEGFP-TSC2, pEGFP, siRNA STAT3, or siRNA GLO or preincubated with 20 or 200 nM RAPA or diluent and then treated with 100 U/ml IFN-␥, 100 U/ml IFN-␤, or vehicle for 30 min. Next, cells were lysed and whole cell lysates were subjected to SDS-polyacrylamide gel electrophoresis and immunoblot analysis with anti-phosphoTyr705 STAT3, antitotal STAT3, anti-phosphoTyr701 STAT1, anti-total STAT1, or antitotal actin antibodies (Cell Signaling Technology Inc.) (Goncharova et al., 2002b; Goncharova and Krymskaya, 2008) .
Analysis of Apoptosis
Analysis of apoptosis was performed using an In Situ Cell Death Detection kit based on terminal deoxynucleotidyl transferase dUTP nick-end labeling technology (Hoffman-La Roche) according to the manufacturer's protocol. In brief, nontransfected cells or cells transfected with siRNA STAT3 or siRNA GLO were serum-deprived for 24 h and then incubated with 100 U/ml IFN-␥, 200 nM rapamycin, STAT3 inhibitory peptide, or diluent for 18 h. Then, cells were fixed with 3.7% paraformaldehyde for 15 min and treated with 0.1% Triton X-100 (Sigma-Aldrich) for 30 min at room temperature followed by 1-h incubation with terminal deoxynucleotidyl transferase dUTP nick-end labeling reaction mixture at 37°C. After incubation, cells were mounted in VECTASHIELD mounting medium (Vector Laboratories, Burlingame, CA) with DAPI to detect cell nuclei and then visualized on an Eclipse E400 microscope (Nikon) with appropriate filters. In total, 200 cells were counted per each condition in each experiment.
Data Analysis
Data points from individual assays represent the mean values Ϯ S.E. Statistically significant differences among groups were assessed with the analysis of variance (ANOVA) (Bonferroni-Dunn), with values of p Ͻ 0.05 sufficient to reject the null hypothesis for all analyses. All experiments were designed with matched control conditions within each experiment to enable statistical comparison as paired samples.
Results
IFN-␥ Has Little
Effect on LAMD and TSC2-Null ELT3 Cell Proliferation. Because the antiproliferative activity of IFN-␥ is reported for some cell types (El-Hashemite et al., 2004; Platanias, 2005) and because evidence suggests that IFN-␥ can attenuate development of TSC tumors (Dabora et al., 2002; Hino et al., 2002 Hino et al., , 2003 , we examined the effects of IFN-␥ on proliferation of TSC2-null ELT3 cells and primary cells dissociated from the nodules from the lungs of LAM patients (LAMD cells) (Goncharova et al., 2002b (Goncharova et al., , 2006a . ELT3 and LAMD cells were serum-deprived and treated with different concentrations of IFN-␥ or diluent in the presence or absence of 10 ng/ml PDGF for 18 h, followed by DNA synthesis analysis. To investigate growthinhibitory effects of IFN-␥ on DNA synthesis in mesenchymal ELT3 and LAMD cells, we had chosen PDGF, a well established mitogen inducing DNA synthesis in mesenchymal cells, including airway and vascular smooth muscle cells (Goncharova et al., 2002a) . Based on this evidence, we hypothesized that IFN-␥ may modulate PDGF-induced TSC2-null and LAMD cell proliferation. It was surprising that we found that IFN-␥, used even at high concentrations of 100 and 1000 U/ml, had little effect on both basal and PDGFinduced proliferation of TSC2-null ELT3 cells (Fig. 1A) . Likewise, IFN-␥ in concentrations of 10 to 1000 U/ml also had little effect on DNA synthesis of both serum-deprived ( Fig.  1B) and PDGF-stimulated LAMD cells (Fig. 1C) . In contrast, 100 and 1000 U/ml IFN-␥ significantly inhibited PDGF-induced proliferation of normal HBFs dissociated from the normal bronchus of LAM patients (Fig. 1C) . These data demonstrate that although IFN-␥ inhibits DNA synthesis of normal human fibroblasts, antiproliferative effect of IFN-␥ is suppressed in LAMD and TSC2-null ELT3 cells.
To examine the possibility that lack of growth-inhibitory effects of IFN-␥ may be due to changes in IFN-␥ receptor levels, we performed flow cytometry analysis of LAMD cells, HBFs, and human airway smooth muscle cells with anti-IFN-␥R␣, and anti-IFN-␥R␤ antibodies. We found that both ␣ and ␤ subunits of IFN-␥ receptor are expressed in LAMD cells at the levels comparable with human airway smooth muscle cells and HBFs (see Supplemental Fig. S1 ), suggesting that the lack of growth-inhibitory effects of IFN-␥ on LAMD cell proliferation is not due to decrease in the receptor levels. In addition, IFN-␥-induced receptor-dependent phosphorylation of STAT1 at Tyr701 in both LAMD cells and in control HBFs were at comparable levels (see Supplemental Fig. S2 ). Together, these data indicate that decreased sensitivity of LAMD and TSC2-null ELT3 cells to the antiproliferative effects of IFN-␥ is unlikely to be associated with changes in levels of IFN-␥ receptor expression and activation or in alterations in STAT1 signaling.
STAT3 Is Activated in LAMD Cells. Because IFN-␥ failed to inhibit LAMD cell proliferation and STAT3 is known to play a role in tumorigenesis, we examined STAT3 activation and expression levels in LAMD cells. Given that loss of TSC2 function leads to increased cell proliferation in the absence of any stimuli because of the constitutive activation of mTOR/S6K1 signaling (Goncharova et al., 2002b (Goncharova et al., , 2006a , we performed experiments under serum-depleted conditions to eliminate activation of other growth-promoting signaling pathways. It is important that growth medium increases STAT3 phosphorylation levels in different cell types (Ni et al., 2003; Agarwal et al., 2007; Yoshiura et al., 2007) . Because the focus of our study was to investigate a relationship between TSC2 loss and STAT3 activation in modulating cell proliferation, we performed experiments in the absence of serum to minimize the basal levels of STAT3 activation.
As seen in Fig. 2 , STAT3 was localized in both cytoplasm Fig. 1 . IFN-␥ has little effect on LAMD and TSC2-null ELT3 cell proliferation. A, serum-deprived ELT3 cells were treated with 10, 100, and 1000 U/ml rat IFN-␥ or diluent for 18 h in the absence or presence 10 ng/ml PDGF followed by BrdU incorporation assay. Data represent mean values Ϯ S.E. from three independent experiments by ANOVA (Bonferroni-Dunn). B and C, serum-deprived LAMD cells and HBFs were treated with 10, 100, and 1000 U/ml human IFN-␥ or diluent for 18 h in the absence (B) or presence (C) of 10 ng/ml PDGF followed by [ and nuclei of serum-depleted LAMD cells in contrast to predominantly cytoplasmic STAT3 localization in normal HBFs. Statistical analysis demonstrates that 67.3 Ϯ 1.7% of serumdeprived LAMD cells had STAT3 nuclear localization compared with 22.9 Ϯ 1.7% for HBFs (Fig. 2B) . Analysis of STAT3 phosphorylation levels in cytoplasmic and nuclear compartments also shows that STAT3 was phosphorylated in nuclear fraction of serum-deprived LAMD cells but not in normal HBFs (Fig. 2C) . In addition, total STAT3 levels were increased in LAMD cells compared with HBFs (Fig. 2C) . Taken together, these data show that STAT3 is activated in LAMD cells in the absence of any stimuli.
Increased STAT3 Expression and Phosphorylation in SM-Like Cells in LAM Lungs and in TSC2-Null Tumors. To determine the relevance of our in vitro findings to pulmonary LAM, we analyzed STAT3 status in tissue sections from the lungs of four LAM patients using dual immunohistochemical analysis. Our previous studies demonstrate that loss of TSC2 function leads to the constitutive activation of mTOR/S6K1 signaling pathway in SM ␣-actin-positive cells forming LAM nodules (Goncharova et al., 2002b) . Thus, we examined STAT3 expression and phosphorylation levels STAT3 (red) and anti-SM ␣-actin (green) (A); or anti-total STAT3 (red) and anti-phospho-S6 (green) antibodies (B). DAPI staining (blue) was performed to visualize the nuclei. Representative images from four LAM patients were taken using an Eclipse E400 microscope (Nikon) at 400ϫ magnification. Arrows indicate phospho-STAT3 (A) or total STAT3 (B) nuclear localization. V, blood vessel. C and D, TSC2-null xenographic tumors in NCRNU-M nude female mice were subjected to immunohistochemical analysis with antiphosphoTyr705 STAT3 (red) antibody (C) or dual immunostaining with anti-total STAT3 (red) and anti-phospho-S6 (green) antibodies (D). Arrows indicate cells with nuclear localization of phospho-STAT3 (C) or cells with colocalization of cytosolic total STAT3 and phospho-S6 (D). Images are representative of two independent experiments. Images were taken using an Eclipse E400 microscope at 400ϫ magnification with appropriate filters.
in SM ␣-actin-positive cells with hyperphosphorylated ribosomal protein S6, which is a molecular signature of activated mTOR/S6K1 signaling pathway (Goncharova et al., 2002b) . Normal human lungs and normal human trachea were used as controls. As seen in Fig. 3A , STAT3 phosphorylation was detected in the nuclei of SM ␣-actin-positive cells in LAM lungs. In contrast, SM cells from blood vessels in normal lung and SM cells in trachea did not stain positively for phospho-STAT3 (Fig. 3A) . Double immunostaining with anti-total STAT3 and anti-phospho-S6 antibodies demonstrated that phospho-S6-positive cells in LAM lungs also stained positively for STAT3 (Fig. 3B) ; however, modest STAT3 levels were detected in normal human lungs and trachea (Fig. 3B) . It is important that total STAT3 protein, in addition to cytoplasmic localization, was also found in the nuclei of cells that had increased ribosomal protein S6 phosphorylation in LAM lungs (Fig. 3B ), which correlates with translocation of activated STAT3 to the nuclei (Platanias, 2005) . Taken together, these data show that STAT3 expression and nuclear phosphorylation are increased in SM ␣-actin-and phospho-S6-positive cells forming LAM nodules in the lungs of LAM patients. 
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Given that pulmonary LAM is associated with TSC2 dysfunction (Goncharova et al., 2002b; Goncharova and Krymskaya, 2008) , we next determined STAT3 activation status in xenographic TSC2-null tumors in athymic NCRNU-M female mice. Immunohistochemical analysis of TSC2-null tumors showed marked levels of STAT3 in cells with increased S6 phosphorylation (Fig. 3D) . Apparent lack of STAT3 in the nucleus may reflect a limitation of immunohistochemical analysis with total STAT3 antibody; therefore, we used immunostaining with phospho-STAT3. As seen in Fig. 3C , activated STAT3 predominantly localizes in the nucleus in the tissue section from the same tumor tissue. Collectively, these data demonstrate that STAT3 is activated in SM ␣-actinpositive cells in LAM lungs and in TSC2-null tumors and show a correlation between our in vitro and in vivo findings.
STAT3 Is Required for Increased Proliferation and Survival of LAMD and TSC2-Null ELT3 Cells. To examine whether STAT3 is required for increased proliferation and survival of LAMD and TSC2-null ELT3 cells, we used two different approaches: down-regulation of endogenous STAT3 protein levels with specific siRNA STAT3 (Fig. 4A , top) and inhibition of STAT3 activity with STAT3 inhibitory peptide, which selectively blocks constitutive and ligand-induced STAT3 activation by disruption of STAT3:STAT3 dimerization and STAT3-DNA binding (Turkson et al., 2001) . As seen in Fig. 4A , knockdown of endogenous STAT3 protein levels with siRNA markedly inhibited proliferation of serumdeprived LAMD cells compared with cells transfected with control siRNA GLO. The STAT3 inhibition with inhibitory peptide significantly decreased DNA synthesis in LAMD cells compared with the diluent-treated cells (Fig. 4B) . It is interesting that STAT3 inhibitory peptide only attenuated the proliferation of rat TSC2-null cells (Fig. 4C ), suggesting that a lesser inhibitory effect may occur as a result of the differential effect of STAT3 inactivation depending on species and cell type.
To determine a requirement of STAT3 for LAMD cell survival, we next examined apoptosis in LAMD cells transfected with siRNA STAT3 or treated with STAT3 inhibitory peptide (Fig. 5 ). Our data demonstrate that either depletion of STAT3 endogenous protein levels or inhibition of STAT3 activity induced apoptosis compared with cells transfected with siRNA GLO or treated with diluent (Fig. 5, A and B,  respectively) . Collectively, these data demonstrate that STAT3 is required for increased proliferation and survival of cells with TSC2 dysfunction.
Next, we examined whether STAT3 down-regulation with siRNA and STAT3 inactivation with inhibitory peptide modulate effects of IFN-␥ on cell proliferation and apoptosis. As shown in Fig. 4A , IFN-␥ had little effect on the proliferation of cells transfected with control siRNA GLO (Fig. 4A , black bars); in contrast, when STAT3 levels were down-regulated with siRNA, IFN-␥ significantly inhibited LAMD cell proliferation (Fig. 4A, gray bars) . Similar results were obtained using STAT3 inhibitory peptide: IFN-␥ had little effect on proliferation of diluent-treated LAMD and TSC2-null ELT3 cells (Fig. 4 , B and C, black bars) but augmented STAT3 inhibitory peptide in inhibiting cell growth (Fig. 4 , B and C, gray bars). We also examined whether STAT3 modulates antiapoptotic functions of IFN-␥. IFN-␥ had little effect on the levels of apoptotic cells transfected with control siRNA GLO or treated with diluent (Fig. 5, A and B, black bars) . It is important that IFN-␥ further enhanced apoptosis induced by down-regulation of STAT3 protein levels or inhibition of STAT3 activity (Fig. 5, A and B, gray bars), demonstrating that STAT3 also impedes proapoptotic effects of IFN-␥ in LAMD cells.
To examine the relationship between STAT3 and IFN-␥ signaling, we examined whether IFN-␥ affects STAT3 phosphorylation. As seen in Fig. 4 , D and E, IFN-␥ enhanced STAT3 phosphorylation in LAMD and TSC2-null ELT3 cells; IFN-␥ also activated STAT3 in normal HBFs. Quantitative analyses demonstrate that phospho-STAT3/total STAT3 ratio was even higher in IFN-␥-treated LAMD cells versus IFN-␥-treated HBFs (Fig. 4D, bottom) . Given that IFN-␥ has similar effects on STAT3 activation in LAMD and HBFs and has opposite effects on cell proliferation, we speculate that IFN-␥-dependent STAT3 signaling is either dysregulated downstream of STAT3 or that STAT3 signaling does not converge with growth-inhibitory and proapoptotic signaling pathways activated by IFN-␥ in LAMD cells. 
Rapamycin and IFN-␥ Synergistically Inhibit TSC2-Null ELT3 and LAMD Cell Proliferation. Because LAM is associated with loss of TSC2 function, which promotes activation of mTOR/S6K1 (Goncharova et al., 2002b (Goncharova et al., , 2006a , we examined whether TSC2 and/or mTOR are involved in modulation of STAT3 and IFN-␥-dependent signaling in LAMD and TSC2-null ELT3 cells (Figs. 4 and 6 ). Cells were treated with different concentrations of IFN-␥ and 200 nM rapamycin, separately or in combination, in the presence or absence of PDGF for 18 h followed by DNA synthesis analysis. We chose a concentration of rapamycin at 200 nM because this concentration abrogates the constitutive activation of S6K1 and maximally inhibits LAMD and TSC2-null ELT3 cell proliferation, as we demonstrated in our previous studies (Goncharova et al., 2002b (Goncharova et al., , 2006a . As shown in Fig. 6A and as we demonstrated previously , rapamycin inhibited TSC2-null ELT3 cell proliferation in serum-deprived conditions. IFN-␥ alone had little effect on TSC2-null ELT3 cell proliferation, but the combination of IFN-␥ and rapamycin further inhibited both basal and PDGF-induced cell proliferation compared with either agent alone (Fig. 6A) . Similar results were obtained for LAMD cells, which were treated with different concentrations of IFN-␥ in the presence or absence of rapamycin. Rapamycin markedly reduced both basal and PDGF-induced proliferation of LAMD cells (Fig. 6, B and C) . It is important that although IFN-␥ alone had little effect on LAMD cell proliferation (Fig. 6 , B and C, black bars), the combination of IFN-␥ and rapamycin markedly inhibited basal and PDGF-induced cell proliferation compared with effects of IFN-␥ and rapamycin given separately, and this effect was dependent of IFN-␥ concentration (Fig. 6 , B and C, respectively, gray bars). 
Although rapamycin significantly inhibited cell proliferation and combined with IFN-␥ to abrogate DNA synthesis (Figs. 4 , black bars; and 6), it had little effect on the levels of apoptotic cells and did not synergize with IFN-␥ to induce apoptosis (Fig. 5, black bars) . These data suggest that rapamycin-and IFN-␥-dependent inhibition of cell growth may not be due to induction of apoptosis.
Inhibition of mTOR activity by rapamycin decreased IFN-␥-induced STAT3 phosphorylation (Fig. 4E) ; however, rapamycin had little effect on basal STAT3 phosphorylation (Fig.  4E) , suggesting that mTOR modulates IFN-␥-dependent STAT3 phosphorylation. To examine the relationship between mTOR and STAT3 in modulating cell proliferation and apoptosis in cells with TSC2 dysfunction, DNA synthesis was examined in serum-deprived cells, transfected with siRNA STAT3 or treated with STAT3 inhibitory peptide, incubated with 200 nM rapamycin, 100 U/ml IFN-␥, or diluent, separately or in combination. Rapamycin alone, as we described previously, markedly inhibited DNA synthesis and synergized with IFN-␥ in inhibition of proliferation of siRNA GLOtransfected or diluent-treated LAMD cells (Fig. 4 , black bars). Rapamycin further reduced proliferation of cells transfected with siRNA STAT3 or treated with STAT3 inhibitory peptide (Fig. 4, gray bars) , suggesting that mTOR and STAT3 act in parallel to maintain increased proliferation of nonstimulated LAMD and TSC2-null ELT3 cells. In addition, rapamycin cooperated with IFN-␥ in inhibition of DNA synthesis in cells with depleted STAT3 protein or inhibited STAT3 activity (Fig. 4, gray bars) , suggesting that rapamycin, in addition to restoring antiproliferative effects of IFN-␥, modulates cell proliferation via alternative mechanism.
Analysis of apoptosis, performed under the same experimental conditions, demonstrated that neither rapamycin nor IFN-␥, separately or in combination, promoted apoptosis in siRNA GLO-transfected or diluent-treated LAMD cells (Fig.  5, A and B, respectively, black bars). In cells with suppressed STAT3 endogenous protein levels or activity, IFN-␥ or rapamycin alone augmented apoptosis caused by siRNA STAT3 or STAT3 inhibitory peptide; however, when given simultaneously, they did not additively promote apoptosis (Fig. 5, A and B, respectively, gray bars). These data suggest that rapamycin has little effect on proapoptotic function of IFN-␥.
We also examined whether rapamycin affects STAT3 in vivo. Athymic NCRNU-M female mice with subcutaneous rat TSC2-null tumors were treated with specific mTOR inhibitor rapamycin or diluent for 14 days. We found that treatment with rapamycin led to suppression of ribosomal protein S6 phosphorylation (Fig. 7B, bottom) . Rapamycin also abrogated STAT3 phosphorylation and attenuated total STAT3 protein levels in TSC2-null tumors compared with tumors treated with diluent (Fig. 7, A and B, respectively) . These data demonstrate that rapamycin inhibits STAT3 activation and attenuates STAT3 levels in vivo.
Re-expression of TSC2 Restores Inhibitory Effect of IFN-␥ on Cell Proliferation. Because abnormal cell proliferation in LAM is associated with TSC2 dysfunction, we next examined whether re-expression of TSC2 will restore the antiproliferative activity of IFN-␥. TSC2-null ELT3 and LAMD cells were transfected with plasmids expressing GFP-TSC2 or control GFP, treated with 100 U/ml IFN-␥ or diluent in the presence or absence of 10 ng/ml PDGF for 18 h, and then DNA synthesis was measured using BrdU incorporation assay. As shown in Fig. 8A , re-expression of TSC2 inhibited TSC2-null ELT3 cell proliferation, as we demonstrated previously (Goncharova et al., 2002b . IFN-␥ had little effect on both basal and PDGF-induced proliferation of control transfected cells (Fig. 8A, black bars) . In contrast, treatment of TSC2-transfected cells with IFN-␥ augmented TSC2-dependent inhibition of cell proliferation (Fig. 8A, gray bars) , suggesting that TSC2 is required for growth inhibitory effects of IFN-␥. Likewise, IFN-␥ had little effect on proliferation of GFP-transfected LAMD cells (Fig. 8B, black bars) but significantly augmented inhibitory effect of TSC2 on cell proliferation (Fig. 8B, gray bars) . In parallel, we examined the effect of TSC2 on STAT3 phosphorylation. As seen in Fig.  8 , C and D, black bars, GFP-transfected TSC2-null ELT3 and LAMD cells had modest basal STAT3 phosphorylation, which was further increased by IFN-␥. Re-expression of TSC2 had little effect on basal phosphorylation of STAT3 and on STAT3 protein levels, but markedly inhibited IFN-␥-dependent STAT3 phosphorylation compared with GFP-transfected cells (Fig. 8, C and D, gray bars) . Although our in vivo data (Fig. 7) show strong correlation between loss of TSC2 function and STAT3 phosphorylation, re-expression of TSC2, however, only partially inhibited STAT3 phosphorylation in TSC2-null ELT3 and LAMD cells. These differences may be explained by experimental limitations associated with transient transfection technique. Transfection efficiency for TSC2 vector was approximately 25 to 35% of total cell population. Because immunoblot analysis technique does not allow to separate transfected and nontransfected cells, it is highly possible that re-expression of TSC2 was not sufficient to markedly inhibit phospho-STAT3 detected by immunoblot analysis. Given that TSC2 regulates activity of mTORC1/ S6K1 and protein synthesis, another possible explanation is that TSC2 modulates STAT3 phosphorylation through modulation of synthesis of the proteins involved in regulating phospho-STAT3 levels. Because TSC2 re-expression time during transient transfection is limited to 24 h to avoid toxic effects of TSC2 overexpression, this period of time may not be sufficient to fully reconstitute long-term effects on protein synthesis. Collectively, these data demonstrate that TSC2 expression modulates IFN-␥-induced STAT3 phosphorylation and restores the antiproliferative activity of IFN-␥ in both TSC2-null ELT3 and LAMD cells.
Discussion
Understanding the cellular and molecular mechanisms of neoplastic cell proliferation in pulmonary LAM is critically important for identifying novel therapeutic approaches to treat LAM. Here, we show that loss of TSC2 function in LAM is associated with activation of STAT3, which is required for cell proliferation and impedes growth-inhibitory and proapoptotic functions of IFN-␥.
IFN-␥ has proven antiproliferative and proapoptotic activities (Platanias, 2005) and may counteract tumor development in TSC. Correlation between high-expressing IFN-␥ allele and reduced frequency of kidney angiomyolipoma was reported in patients with TSC (Dabora et al., 2002) , and endogenous expression of high levels of IFN-␥ is associated with reduction in kidney tumor development in Tsc2(ϩ/Ϫ) mice (Hino et al., 2002) . However, preclinical studies testing IFN-␥ as a potential therapeutic agent for TSC remain in- conclusive. Although treatment with IFN-␥ either as a single agent or in combination with rapamycin analog CCI-779 improves survival of Tsc2(ϩ/Ϫ) mice (Lee et al., 2005) and decreases subcutaneous TSC2-null tumor growth at the early stages of tumor development (Lee et al., 2006) , the simultaneous treatment of Tsc2(ϩ/Ϫ) mice from 6 to 8 or 10 to 12 months of age with IFN-␥ does not enhance antitumor activity of CCI-779; furthermore, IFN-␥ treatment from 2 to 4 months of age reverses CCI-779 tumor-suppressing function (Messina et al., 2007) . These differences may occur because of differential effects of IFN-␥ on tumor growth during various stages of tumor development (Platanias, 2005) . Thus, although IFN-␥ may inhibit new tumor growth, already established tumors may be refractory to IFN-␥ treatment. Further studies are needed to evaluate effects of IFN-␥ on TSC1/ TSC2-related tumorigenesis. Little information, however, is available about the role of IFN-␥ in pulmonary LAM.
Our study shows that IFN-␥ had little effect on TSC2-null ELT3 and LAMD cell growth. Although the mechanisms that cause cell resistance to antiproliferative and proapoptotic activities of IFN-␥ are not fully established, some reports demonstrate that activation of STAT3, the positive regulator of cell proliferation and survival (Al Zaid Siddiquee and Turkson, 2008) , prevents IFN-␥-dependent apoptosis (Sakamoto et al., 2005; Al Zaid Siddiquee and Turkson, 2008) . STAT3 is a downstream effector of IFN-␥, but effects of IFN-␥ on STAT3 activity seem to be cell type-dependent. Although IFN-␥ activates STAT3 via JAK-dependent Tyr705 STAT3 phosphorylation in different cell types (Sakamoto et al., 2005; Bai et al., 2008) , it is also shown to inhibit STAT3 via Tyr705 STAT3 dephosphorylation in TSC2-null MEFs (ElHashemite et al., 2004) and human prostate cancer cells (Fang et al., 2006) . Given that IFN-␥ signaling is highly dependent on cell type, species, and stage of organism development (Platanias, 2005) , the relationship between IFN-␥ and STAT3 in LAM needs to be established.
Our data demonstrate that STAT3 is activated in LAM lungs and TSC2-null xenographic tumors in nude mice. STAT3 nuclear localization, Tyr705 STAT3 phosphorylation, and high STAT3 protein levels were detected in SM-like phospho-S6-positive cells of LAM lung and in the xenographic tumors. STAT3 participates in normal cellular events, such as differentiation, proliferation, and cell survival under cytokine, growth factor, and hormone signaling (Calò et al., 2003) , and its expression is detected in normal cells and tissues, including airway and pulmonary vascular human SM cells (Simon et al., 2002; Bai et al., 2008) and human lungs (El-Hashemite and Kwiatkowski, 2005) . However, both STAT3 expression and Tyr705 STAT3 phosphorylation are persistently elevated in a variety of human tumors (Al Zaid Siddiquee and Turkson, 2008) , which contributed to tumor cell growth and survival (Al Zaid Siddiquee and Turkson, 2008) . Data from other laboratories also report increased phosphoTyr705 STAT3 and total STAT3 levels in LAM lung compared with normal lung (El-Hashemite and Kwiatkowski, 2005) and in giant cells in tubers of the TSC patients (Baybis et al., 2004) . Collectively, these data suggest that constitutive activation of mTOR as a result of TSC2 loss contributes to elevated STAT3 activity in vivo.
We demonstrated previously that loss of TSC2 function constitutively activates mTOR/S6K1 signaling and increases proliferation of human primary LAMD and TSC2-null rat ELT3 cells; and that re-expression of TSC2 or inhibition of mTOR activity by rapamycin markedly inhibits LAMD and TSC2-null ELT3 cell proliferation (Goncharova et al., 2002b (Goncharova et al., , 2006a . mTOR activity is required for Tyr705 STAT3 phosphorylation in monocytes, macrophages, and primary dendritic cells (Weichhart et al., 2008) . In TSC2-null MEFs, mTOR inhibitor rapamycin induces Tyr705 STAT3 dephosphorylation that correlates with inhibition of cell growth (El-Hashemite et al., 2004) . In contrast, mTOR activation is required for IFN-␥-dependent Tyr705 STAT3 dephosphorylation in human prostate cancer cells, and rapamycin protects STAT3 from dephosphorylation (Fang et al., 2006) . Such variability in findings may be due to differential IFN-␥-dependent signaling in specific cell types (Platanias, 2005) . However, the role of TSC2 and/or mTOR in regulating STAT3 protein levels and Tyr705 STAT3 phosphorylation and its relevance to cell proliferation in LAM are not established. We found that either re-expression of TSC2 or rapamycin treatment inhibited IFN␥-dependent Tyr705 STAT3 phosphorylation in TSC2-null and LAMD cells, demonstrating that TSC2 and mTOR modulate STAT3 activity. Rapamycin also synergized with IFN-␥ in inhibiting cell proliferation but did not potentiate IFN-␥ proapoptotic function, suggesting that rapamycin-dependent attenuation of STAT3 activity only partially restored IFN-␥ functions. Synergistic effects of rapamycin and IFN-␥ in inhibiting cell proliferation suggest that combination of lower doses of rapamycin and IFN-␥ may attenuate side effects of each agent alone, which were used at higher doses. Future in vivo preclinical testing may determine whether combinational treatment at low doses of rapamycin and IFN-␥ may provide a greater inhibitory effect on the TSC2-related tumor growth then each agent alone. Thus, combination of IFN-␥ and rapamycin may be beneficial as potential therapy for LAM.
Although our data demonstrate that suppression of STAT3 activity is required for antiproliferative function of IFN-␥ in LAMD and TSC2-null ELT3 cells, the exact mechanism by which IFN-␥ inhibits cell proliferation in LAM is not fully understood. We found that in LAMD and TSC2-null ELT3 cells, IFN-␥ simultaneously activates STAT1 (see Supplemental Figs. S2 and S3, respectively) and STAT3, which have opposing biological effects: STAT1 promotes antiproliferative and proapoptotic activities (Platanias, 2005) and STAT3 induces malignant transformation and tumorigenesis (Al Zaid Siddiquee and Turkson, 2008) . Thus, the relative activation states of STAT1 and STAT3 by IFN-␥ may regulate the final biological effects of IFN-␥ on cell growth. Expression of IFN-␥ receptor subunits (see Supplemental Fig. S1 ) and IFN␥-dependent STAT1 signaling were not altered in LAMD and TSC2-null ELT3 cells. Furthermore, re-expression of TSC2 or treatment with rapamycin, although inhibiting IFN-␥-dependent STAT3 activity, had little effect on IFN-␥-dependent activation of STAT1 (see Supplemental Fig. S3 ). Given the negative cross-regulation between STAT1 and STAT3 signaling (Qing and Stark, 2004) , it is plausible that suppression of STAT3 activity by TSC2 or rapamycin or by direct inhibition of STAT3 is permissive for IFN-␥ to inhibit growth and/or induce apoptosis via canonical STAT1 signaling pathway (Fig. 9) .
Collectively, our current findings show that STAT3 was activated in vivo in LAM lungs and TSC2-null tumors in nude mice and in vitro in primary LAMD and TSC2-null cells. STAT3 activation was critical for increased proliferation and impeded antiproliferative and proapoptotic effects of IFN-␥ in LAMD and TSC2-null ELT3 cells. Down-regulation of STAT3 protein levels or activity with specific siRNA or specific inhibitory peptide, respectively, markedly inhibited proliferation and induced apoptosis in TSC2-null ELT3 and LAMD cells and sensitized cells to growth-inhibitory and proapoptotic effects of IFN-␥. Re-expression of TSC2 or inhibition of mTOR by rapamycin inhibited Tyr705 STAT3 phosphorylation and synergized with IFN-␥ in inhibition of TSC2-null ELT3 and LAMD cell proliferation (Fig. 9) . Although IFN-␥ did not markedly augment growth-inhibitory effects of rapamycin or TSC2 re-expression, in contrast, IFN␥ alone had no effect on cell proliferation, suggesting that IFN-␥ induces growth inhibition only then TSC2 function is restored by either TSC2 re-expression or inhibition of S6K1. This evidence leads us to conclusion that TSC2 loss of function impedes growth-inhibitory effects of IFN-␥, demonstrating biological significance of our findings. Collectively, our data suggest that STAT3 functions as a prosurvival molecule in LAM and suggest that STAT3 may be an attractive therapeutic target to inhibit abnormal LAM cell proliferation.
